TMT (2,5-dihydro-2,4,5-trimethylthiazoline) is known as a component of fox feces inducing fear in rodents. However, no recent chemical analyses of fox feces are available, and few studies make direct comparisons between TMT and fox feces. Fox feces from 3 individuals were used to prepare 24 samples to be analyzed for the presence of TMT using gas chromatography-mass spectrometry (GC-MS). When TMT was added in low amounts (50-2000 nmol/g), TMT was detected in 10 out of 11 samples. When no TMT was added, TMT was detected in only 1 out of 13 samples. In a second experiment, we tested the behavioral response of male Brown Norway (BN) and Wistar rats to either fox feces, a low amount of TMT (0.6 nmol) or 1-hexanol. TMT induced freezing in the rats, but fox feces induced significantly more freezing episodes and longer total duration of freezing in both rat strains. In experiment 3, male BN rats were exposed over several days to fox feces, rat feces, 1-hexanol, cadaverine, 2-phenylethylamine, and TMT, one odor at a time. Fox feces induced significantly more freezing episodes of a longer total duration than any of the other odors, with rat feces and 1-hexanol giving rise to the lowest amount of freezing. This finding, together with our inability to verify the presence of TMT in fox feces, indicates that the concentration of TMT in our fox feces samples was below 50 nmol/g. It may also be that other compounds in fox feces play a role in its fear-inducing properties.
Introduction
It has long been known that many prey animals react to the smell of their predators (Kats and Dill 1998) . One of these prey-predator pairs is rat and fox, and Vernet-Maury et al. (1968) were among the first to publish a study on the behavioral responses of laboratory rats to fox odors. They found increased "indecision" in Wistar rats when exposed for the first time ever to fox odor compared to exposure to no odor, the smell of a conspecific, or that of lion's urine; the latter surprisingly designated by the authors as an "indifferent" odor to the rats. Later, they identified trimethylthiazoline (TMT; Figure 1 ) as a chemical compound responsible for the observed fear-reaction in the rats (Vernet-Maury 1980) , and TMT has since been used in numerous studies as a predator odor to induce physiological and behavioral signs of fear, mainly in rodents (e.g. Wallace and Rosen 2000; Endres et al. 2005; Sotnikov et al. 2011) . The molecule has been found to be similar in structure to mouse alarm pheromone (Brechbühl et al. 2013) , and an application (now deemed to be withdrawn) was made to patent it for use in animal control (Broillet and Brechbühl 2014) .
Quantitative strain differences in the behavior of rats are well described: Abel (1992) found that Sprague-Dawley and Long-Evans rats reacted more to alarm substances from conspecifics than did rats of the Fisher and Wistar strains. Hughes and Hancock (2016) found Long-Evans to be more anxious than Wistar rats; and enhanced learning, memory, and libido have been found in pigmented compared to albino rat strains (Andrews et al. 1995; Sachs 1996) . The Brown Norway rat is an inbred, pigmented strain which has an expressive behavioral repertoire and regular growth under libitum feeding regimes compared to other strains (e.g. Laaksonen et al. 2013) . We were therefore interested in knowing if a pigmented strain like Brown Norway would react differently to the smell of a predator when presented in the form of fox feces compared to TMT. We also assessed if their response differed from that of Wistar rats, which have been found by some authors not to display freezing behavior when exposed to TMT (Rosen et al. 2006) . Indeed, differences between rat strains in their responses to predator odors have been found, but comparisons have either involved albino rat strains only (e.g. Staples and McGregor 2006) or compared TMT to other odors than fox feces (e.g. Rosen et al. 2006 ). Since Evelyne VernetMaury's original work, the only comparison of fox feces and TMT has been carried out by Buron et al. (2007) using mice but, according to Fendt and Endres (2008) , these authors did not use TMT but 2,4,5-trimethylthiazole (C 6 H 9 NS), which has different properties to TMT. The aversive nature of TMT has been debated extensively, with some authors claiming that it stems from the molecule being repulsive or an irritant (McGregor et al. 2002; Fortes-Marco et al. 2013) ; however, Fendt and Endres (2008) found clear fear-evoking effects of very low concentrations of TMT (see Fendt et al. 2005 for a review of these issues).
In our previous work, where we searched for estrus odors across species (Rampin et al. 2006; Nielsen et al. 2011 Nielsen et al. , 2013 , TMT was not present in the gas-chromatography-mass spectrometry (GC-MS) analyses we performed on fox feces; however, the method employed was not designed for this purpose. Apfelbach et al. (2015) also noted that TMT was not found in dog feces (Arnould et al. 1998) , nor in anal gland secretions of dog and coyote (Preti et al. 1976) , although both are species closely related to the red fox. To the best of our knowledge, no studies have been published which try to repeat the chemical analyses carried out 40 years ago by Vernet-Maury (1980 , Vernet-Maury et al. 1977 , 1984 using more recent equipment. Furthermore, studies of behavioral responses to TMT are often employing different experimental designs. Some are using small quantities of pure TMT and thus refer to it as quantity (mol; e.g. Fendt and Endres 2008) while others use small amounts diluted and thus refer to concentrations (M or mol/L; e.g. Saraiva et al. 2016) . Others have indicated the vapor pressure or gas phase concentration (Laska et al. 2005) but when an open space is used, the gradient from the odor source makes encountered gas phase concentration difficult to assess. Therefore, whenever possible, we have reported all samples used in the referenced literature as both quantities and concentrations for ease of comparison.
The experiments presented here were aimed at 1) analyzing fox feces using gas chromatography coupled with mass spectrometry (GC-MS) to confirm the presence of TMT, 2) investigating behavioral differences between 2 rat strains (Brown Norway and Wistar) to exposure to fox feces and a low concentration of TMT, and 3) quantifying differences between aversive and/or fear-inducing odors in the behavioral responses they elicit in Brown Norway rats. For ease of reading, the results are discussed as they are presented, with a general discussion at the end.
GC-MS analyses of fox feces (experiment 1)
The aim of this experiment was to confirm the assumed presence of TMT in fox feces, and we therefore chose to prepare 24 samples which were as similar as possible and apply various GC-MS methods to increase the likelihood of detection. As the amount of TMT naturally present in each sample was expected to be similar, we added TMT in small, known, and varying amounts to some of the samples, thereby allowing us to obtain an estimate of the amount of TMT present in our fox feces samples by comparing the relative area under the curve of the peaks in samples with or without TMT added.
Materials and methods
Feces samples from male foxes as well as male horse fecal samples used as control were collected for use in the GC-MS analysis. Fresh fox feces were collected daily over several days from the litter tray underneath individually housed male European foxes (Vulpes vulpes) at the animal facility of Anses (Malzeville, France). Stallion feces were gathered by manual intra-rectal sampling. Fox and horse feces were stored at −80 °C and used within 12 months of collection. This method and length of storage has previously been found not to affect the odorant properties of the feces (Rampin et al. 2012; Nielsen et al. 2016) . Twenty-four samples of fox feces for GC-MS analyses were prepared from frozen feces the day before analysis. Each was a near-equal mix of feces from the same 3 individuals (min. 30.8%; max. 36.7% from each). This method was chosen to make all the tested samples as similar as possible and, by including feces from more than one individual, enhance the likelihood that TMT would be detected. The 4 horse fecal samples were all made with feces from one collection from the same stallion. The samples were put into 20 mL glass vials sealed by metal screw-caps with prenotched Teflon-silicone septa. All GC-MS samples weighed 0.400 g (SD = 0.002).
For the purpose of comparison, 11 of the 24 fox samples had TMT added in varying concentrations (20, 100, 200 , and 800 nmol TMT to 0.4 g fox feces, thus 50, 250, 500, and 2000 nmol of TMT per g of fox feces) using serial dilutions in ethanol of commercially obtained TMT (trimethylthiazoline, also known as 2,5-dihydro-2,4,5-trimethylthiazoline; 2,3,5-trimethyl-3-thiazoline; or 2,4,5-trimethyl-4,5-dihydro-1,3-thiazole; molecular formula C 6 H 11 NS; molecular mass 129.223 g/mol; CAS no. 4145-93-1; Contech, British Columbia, Canada). An initial dilution of commercial TMT in ethanol was used at 2.58 mg/mL. This solution was deposited on the samples in the quantities listed above, with 1 μL of the solution equivalent to 2.58 μg of TMT (Table 1 ). These relatively low TMT concentrations were chosen so as not to dwarf any naturally occurring TMT in the samples and, by adding known amounts, get an estimate of the quantity of TMT already present in the sample. Different sample preparations and GC-MS settings were employed for TMT detection, so that samples were analyzed with or without 1 mL ethanol added, as either whole sample or extracted liquid, and after varying timespans to allow for potential variations in volatility (Table 1) . Empty vials were inserted between some samples to prevent cross contamination. Volatile components were extracted by Head Space-Solid Phase MicroExtraction (HS-SPME), using a 1 cm PA fiber. The samples were incubated at 60 °C for 30 min (agitation cycle 10 s on/10 s off) with the fiber introduced after 10 min (TriPlus with SPME module; Thermo Scientific). The fiber was subsequently inserted into the injector port of the GC (Trace 1300, Thermo Scientific) for 1 min at 250 °C in split-less mode (0.5 min). The volatile compounds were separated using a SPB-5 column (60 m × 0.32 mm internal diameter ×1 µm film thickness). Helium was used as the carrier gas at a constant flow rate of 1.2 mL/min. The oven temperature profile was started at 50 °C, and then programmed to increase to 150 °C at a rate of 5 °C/min, then from 150 °C to 300 °C at a rate of 15 °C/min, staying at 300 °C for 2 min. The GC-MS transfer line temperature was set at 300 °C. The mass spectrometer (TSQ 8000, ThermoScientific, USA) operated in the electron impact mode at 70 eV (260 °C source temperature) in mass-to-charge ratios (m/z) of 129, 127, 114, 112, 88, and 86 (sim mode) . This method did not allow us to quantify the TMT detected, which is expressed as relative abundance, i.e. amount relative to other compounds present in the same feces sample.
Results and discussion
Out of 13 fox feces samples analyzed by GC-MS (Table 1 ; Figure 2a -d), we found TMT in only one (Figure 2a ). When TMT was added to 11 of the 0.4 g fox feces samples in quantities between 50 and 2000 nmol per g of fox feces (equivalent to 50 and 2000 µM of TMT assuming that fox feces have a density of 1 g/mL), the GC-MS results revealed the presence of TMT in 10 out of 11 cases (Table 1) . Examples of the resulting chromatograms are given in Figure 2e -h. Both the supplier's own analysis and our analysis of 20 nmol TMT when no feces were present gave rise to a double peak (Figure 2i and j), which is due to enantiomers of TMT being present in racemic proportions. However, the difference in height between the 2 peaks sometimes seen when TMT was added to the feces (e.g. Figures 2f-h ) was caused by the presence of another molecule at the same massto-charge ratio (m/z 127; C 6 H 9 NS), which interfered with the otherwise racemic proportions. Overall, TMT was thus only detected in 1 fox feces sample when not having been added (Figure 2a) . TMT was never detected in the horse samples, nor in the empty vials.
Our method was clearly able to detect TMT when the compound was added; however, it may have been present in the fox feces in concentrations below the detection threshold of our analysis method. In the sample where TMT was added but not found (sample 4 in Table 1 ), the added amount was the lowest tested, equivalent to approximately 50 μM, indicating that this was close to the detection threshold of the GC-MS method used. In the one fox feces sample where TMT was detected without having been deliberately added (sample 9 in Table 1 ), the chromatogram showed a racemic double peak ( Figure 2a ) similar to that seen in the commercial product. This, unfortunately, may indicate that some form of contamination of the sample had taken place. It was analyzed using the same method as for sample 10 (Table 1 ; Figure 2e ), and-although quantification is not possible-the TMT peaks are of similar height relative to their respective baseline noise, indicating relatively small amounts of TMT detected in sample 9. We encourage other labs to carry out similar, but more detailed analyses with a view to elucidate the prevalence and quantity of TMT in fox feces samples.
Behavioral responses of 2 rat strains to fox feces and TMT (experiment 2)

Materials and methods
Animals
Twenty-four male rats (12 Brown Norway and 12 Wistar) were obtained at 7 weeks of age from a commercial breeder (Janvier Labs, France). They were housed pairwise within strain with free access to commercial rat pellets and tap water. Over a period of 3 weeks, the rats were accustomed to an inverse light cycle (12-h dark per 24-h starting at 07.00 h). All handling and testing of the rats were carried out in red lighting during the dark period in which the rats are naturally active.
Preparation of odors
Three odors were used in the behavioral tests: samples of 1-hexanol, fox feces, and TMT. 1-Hexanol (which has an herbaceous odor; CAS# 111-27-3) was chosen as the control odor as it was assumed to have no nutritional, predatory, or sexual connotations; i.e. to be without biological significance for rats, based on our previous use of this molecule (Nielsen et al., 2013 (Nielsen et al., , 2016 . This molecule has been found in feces samples from rats and foxes (Nielsen et al. 2013) , so 1-hexanol was not a novel odor to the rats, although they had not experienced this odorant on its own before the trial. An odor, as opposed to no odor or water, was chosen as control to prevent the ambiguity of a comparison involving presence and absence of an odor, and the interest in water can be so low that it is difficult to distinguish from that of an odor, which is actively avoided. 1-Hexanol was used at 50 mM in a racemic mixture of 1,2-propanediol (CAS# 57-55-6), as this was known to be detectable by the rats (Nielsen et al. 2013) ; both compounds were purchased from Sigma/Aldrich. As 2 mL samples were used in the tests, this is equivalent to the rats being exposed to 100 μmol of 1-hexanol. TMT (same supplier as in Figure 2 . Examples of chromatograms, with relative abundance (arbitrary units; a.u.) plotted against retention time (RT; min) from GC-MS analyses to detect the presence of TMT: (a) fox feces sample (no. 9 in Table 1 ) where TMT was detected without having been added; (b-d) 3 fox feces samples (nos. 27, 38, and 46 in Table 1 ) where no TMT had been added; (e-h) 4 fox feces samples (nos. 10, 39, 47, and 29 in Table 1 ) where TMT (20, 100, 100, and 200 nmol, respectively) had been added; (i) data from factory analysis of pure TMT, where different GC-MS method gives rise to different retention times; (j) GC-MS analysis from our lab of 20 nmol pure TMT with no feces present. See text for details. experiment 1) was diluted in the same vehicle (1,2-propanediol) as used for 1-hexanol. TMT diluted at 300 nM was presented to the rats in 2 mL samples (equivalent to 0.6 nmol), as a pilot study had shown this amount of TMT to induce freezing in Brown Norway rats. Fresh fox feces were collected and stored as in experiment 1. Samples to be used for the tests (n = 24) were prepared from frozen fox feces; each sample weighed 5 g, and each was a mix of feces from 3 individuals (min. 26%; max. 38% from each) to make the samples as similar as possible. The samples were prepared a few days prior to the start of tests. Fox feces samples were stored at −20 °C until 30 min before use, where they were left to thaw at room temperature. Samples of 1-hexanol and TMT were stored in a refrigerator until 15 min before use. This was to ensure that all samples were at similar temperature at the time of presentation to the rats whilst lowering the risk of excess pre-test evaporation of volatiles.
Behavioral tests
The rats were habituated over several days to being moved into a test arena (L × W × H: 60 × 41 × 41 cm) located in an adjacent room. The test arena was made of Plexiglas® and, at one end, a thin metal plate (14 × 10 cm) was attached to the floor, all of which was covered by sawdust litter. An empty cylindrical, stainless steel container (3.6 cm high, diameter 9.0 cm; Grundtal, IKEA) with a magnetic base, securing it firmly to the metal plate on the floor of the arena, was placed in the arena during habituation. The container had a transparent (PCTG plastic), screw-on lid which had been perforated (200 holes with 2 mm diameter; 3.5 hole/cm 2 ). During testing, identical containers were used to hold the odor source, allowing odor to escape but preventing the rat from making contact with the odor source. When liquid samples were tested (1-hexanol and TMT), a 2-mL sample of the odorous solution was poured onto a cotton pad placed in the container. When fecal pellets were used, these were placed on a cotton pad in the bottom of the container. Each odor had its own dedicated container and lid to prevent cross-contamination, and each container was used in only one test per day, being thoroughly cleaned before re-use. All odor samples were discarded after being used in a test. During testing, the arena was covered with a transparent, perforated lid.
Testing began when the rats were 11 weeks old. The rats were left to habituate to the test arena for 5 min without a container. At the end of this period, a container with the odor to be tested was placed at one end of the arena (centered and 2 cm from the end wall). The odor exposure during testing lasted 10 min, as a pilot study had shown this to be a sufficient duration to observe differences between the 2 strains used here. During this period, the behavior of the rats was video recorded and continuously observed by a single trained observer, who registered and time-stamped each behavioral component displayed by the rat (Table 2) together with its position in the arena (in the half of the arena containing the sample or not). At the end of the test, the rat was returned to its home cage. The sawdust was discarded after each test, and the arena cleaned with ethanol and left to dry, before adding clean litter.
All rats were exposed to all odors once, and 1-hexanol was always tested first. This was done to establish a baseline behavioral reaction to a biologically neutral odor. The behavior of each rat when exposed to 1-hexanol was used as covariate in the analyses of fox feces and TMT. The latter 2 odors were tested in a Latin square design so that half of the Wistar (n = 6) and half of the Brown Norway rats (n = 6) were tested second with TMT and third with fox feces, whereas the reverse was the case for the other 12 rats. For the second and third tests, both odors were equally represented in the 8 tests carried out in a day. A minimum of 3 days and an average of 9.7 (SE = 1.82) days elapsed between tests of the same rat.
All procedures in this and subsequent experiments were approved by the local ethics committee (COMETHEA; Comité d'éthique appliqué à l'expérimentation animale; Avis 11/013) and carried out in accordance with current European legislation (EU Directive 2010) and ethical guidelines (Sherwin et al. 2003) .
Statistical analysis
The data were analyzed using a General Linear Model (Minitab ver. 17.1). For each variable, the data from tests of fox feces and TMT were analyzed for effects of strain (n = 2) and odor (n = 2) and their interaction, fitting test number as a random effect and the same variable from the test of 1-hexanol as a covariate. Data on latency to sniff the odor container were not normally distributed and were square root transformed twice before analysis. For infrequent behaviors (jumping), data were converted to binomial values and chi square tests performed. All results are given as least squares (LS) means with standard errors unless otherwise stated.
Results and discussion
No significant interactions were found between strain and odor for any of the variables tested, indicating that both strains responded to each of the odors in a similar way. The latency to investigate the odor container differed significantly between strains (Table 3) In addition, the movement of the rat between the 2 halves of the test arena was noted.
than did Brown Norway (4 [3; 5] s). Brown Norway rats investigated the odor container significantly more frequently, and moved between the 2 halves of the test arena significantly more often than rats of the Wistar strain (Table 3 ). This significant difference between strains in locomotion between arena halves was already seen during the first test when exposed to the 1-hexanol control odor (BN: 26.1 ± 1.6, W: 16.5 ± 2.2 times per test; F 1,22 = 12.6; P = 0.002), but no significant differences were found between strains in time spent in each arena half (Table 3) . Litter pushing is thought to indicate an aversion, where the rat is trying to cover the source of the odor with litter, also referred to as defensive burying (De Boer and Koolhaas 2003) . Pushing the litter was also done significantly more by Brown Norway rats, and across the 2 strains this behavior differed between odors, with litter pushing being observed significantly more frequently with the fox feces than the TMT (2.3 ± 0.42 vs. 0.8 ± 0.42; F 1,42 = 6.3; P = 0.016). Jumping differed significantly between rat strains (Chi square = 7.75; df = 1; P = 0.005) but not odors, and was seen on 7 occasions across all tests in 6 of the Brown Norway rats. No significant effects of strain or odor were found on grooming behavior (overall (mean ± SE) grooming frequency 1.3 ± 0.14 and duration 19 ± 2.6 s).
As no significant interactions were found between rat strain and predator odor, the results for freezing behavior variables are shown in Figure 3 for the main effects. Brown Norway rats showed significantly more freezing episodes (F 1,42 = 7.0; P = 0.012; Figure 3a ), but of a shorter duration than rats of the Wistar strain (F 1,42 = 15.6; P < 0.0001; Figure 3b ) leading to no significant differences between strains in total duration of freezing during the test (F 1,42 = 0.9; P = 0.352; Figure 3c ). Across strains, significant differences in the response of the rats to fox feces and 2 mL of TMT at 300 nM (0.6 nmol) were found for number of freezing episodes (F 1,42 = 8.0; P = 0.007; Figure 3a ) and total duration of freezing during the test (F 1,42 = 6.5; P = 0.014; Figure 3c ). We used very low concentrations of TMT in the present study. Fendt and Endres (2008) found a significant increase in immobility when rats were exposed to 4 nmol TMT, but not when they were exposed to 0.04 nmol TMT. The amount of TMT used here (0.6 nmol) was between these 2 quantities, and clearly sufficient to induce more freezing than seen with 1-hexanol. Unlike some other studies (Rosen et al. 2006; Staples and McGregor 2006) , we found that both Wistar and Brown Norway rats showed fear responses when exposed to the smell of TMT and of fox feces. The feces samples used in the behavioral tests were constructed from the same harvest and in the same manner as the fox samples tested in the GC-MS analysis, and those samples elicited more freezing in rats than when 0.6 nmol of TMT was presented (2 mL at 300 nM). One explanation could be that the TMT was present in the feces in quantities above 0.6 nmol in 5 g (0.12 nmol/g, ~120 nM), thus giving rise to more freezing, but too low to be detected by the GC-MS analysis, i.e. below 20 nmol added to 0.4 g of fox feces (50 nmol/g, ~50 µM). Also, it cannot be excluded that other compounds in the fox feces than TMT have fear-inducing properties, and perhaps the role played by TMT is less important than initially thought. Others have found that TMT elicits strong behavioral responses in rats, but it is unclear to what extent this is brought about through the use of unnaturally high concentrations of TMT (Hotsenpiller and Williams 1997; Morrow et al. 2000) .
Behavioral responses of rats to a variety of odors (experiment 3)
Based on the differences found in freezing behavior of rats to fox feces and TMT, we compared the behavioral responses of rats to various aversive and/or fear-inducing odors. To this end, we exposed male Brown Norway rats to a battery of odors, which were chosen to cover different aspects of aversiveness, including simple and complex smells of predators, putrification, unknown male rats, as well as 1-hexanol as a neutral control.
Material and methods
Male Brown Norway rats (n = 18) were used for the tests. They were obtained from the same supplier, housed in pairs, and fed and managed in the same way as the cohort used for experiment 2. The rats were 11 weeks of age when the test period began.
A total of 6 odors was used (Figure 4 ). 1-hexanol and TMT were prepared in the same manner and concentrations used in experiment 2, i.e. 2 mL samples at 4 mM (containing 8 μmol of 1-hexanol) and 300 nM (containing 0.6 nmol of TMT), respectively, diluted in 1,2-propanediol. Cadaverine (pentamethylenediamine; CAS# 462-94-2) and 2-phenylethylamine (phenethylamine; CAS# 64-04-0) were diluted in the same vehicle and presented in 2 mL at 40 µM (containing 80 nmol; Ferrero et al. 2011) . Fox feces were collected and stored as in experiment 2. The samples used for the tests each weighed 4-5 g, and were composed of feces obtained from 3 different male foxes. Fresh rat feces were collected from the cage floor of a different cohort of rats and stored at −80 °C. Samples were prepared by placing into a glass tube 3-4 pellets (1-2 g/sample) from at least 2 different individuals. All the samples were prepared a few days prior to the start of the tests, and stored, treated and used as described for experiment 2.
The behavioral test paradigm and cleaning procedure were identical to that used in experiment 2, except that the habituation period before introducing the odor was reduced from 5 to 3 min. Testing was done using a Latin square design, so that all rats were tested once with all odors (including 1-hexanol) , and all odors were tested 3 times in each test round. Order of odors within rats were balanced so that an odor was tested after any other odor the same number of times (Bradley, 1958) . The behavior of the rats was video recorded and registered (Table 2 ) by a single, trained observer during the 10-min odor exposure. On average 8 rats (range 4-10) were tested on a test day, with an average of 3 days between test days.
Data were analyzed in Minitab (ver. 17.1) using a General Linear Model with rat and test number as random effects, and odor as a fixed effect. Post hoc comparisons were carried out using Tukey Simultaneous Tests, and results are presented as least squares (LS) means and standard errors unless otherwise stated.
Results and discussion
All rats investigated the odor source in all tests. There was no significant effect of odor on the latency to investigate the odor container (overall mean: 7 ± 0.6 s), but the rats took significantly longer to approach the container in the first (11 ± 1.5 s) than the last test (4 ± 1.5 s; T = 3.1; P = 0.028) independent of odor. Activity of the rats was also significantly higher in the first test (F 5,80 = 4.6; P = 0.001) with 14.9 ± 0.90 changes between arena halves compared with 10.6 ± 0.44 in the remaining 5 tests (all T ≥ 3.1; all P ≤ 0.032). As all odors were represented 3 times within each test number due to the Latin square design, this did not affect any comparisons between odors. Odor did not significantly affect activity (i.e. changes between arena halves) of the rats, proportion of time spent in arena half with container (overall mean: 0.56 ± 0.02) nor their frequency (overall mean: 13.2 ± 0.50) or total duration of odor investigation (overall mean: 89 ± 4.0 s).
Effects of odor on freezing behavior are shown in Figure 5 . Odor had a highly significant effect on the number of freezing episodes (F 5,80 = 18.8; P < 0.0001) with the highest number seen when the rats were exposed to fox feces (Figure 5a ). The 3 potentially fear-inducing Figure 4 . Types of odor used in the behavioral tests, their possible effects on the rats, and where they are found. 1-Hex: 1-hexanol; Cad: cadaverine; Fox: fox feces; 2-Phe: 2-phenylethylamine; Rat: rat feces; TMT: trimethylthiazoline.
odors (Figure 4 ) all led to a significantly higher number of freezing episodes than did 1-hexanol. Total duration of freezing was also significantly affected by odor (F 5,80 = 18.0; P < 0.0001), again with the longest duration by far seen with fox feces (Figure 5b ). However, TMT did not induce freezing of a duration significantly different from that seen with 1-hexanol. Although the duration of freezing episodes differed significantly among odors (F 5,80 = 2.7; P < 0.029), this effect was much less pronounced, and caused by slightly longer freezing episodes seen with fox feces (8.6 ± 0.67 s) than with rat feces (5.6 ± 0.67 s; T = 3.2; P = 0.026) with the 4 remaining odors leading to intermediate durations of freezing episodes. Exposure to feces from unknown male rats did not lead to freezing behavior significantly different from that observed with 1-hexanol. Some pushing of the litter was observed, but although this was seen most often when exposed to fox feces (10 out of 18 tests) and least often with 1-hexanol (4 out of 18 tests), these differences were not statistically significant.
In this experiment, the rats responded with more freezing when exposed to 1-hexanol than did the rats in experiment 2. This may indicate that this cohort had a lower fear-threshold, but as also found in experiment 2, the freezing behavior of the rats when exposed to 5 g of fox feces was significantly more pronounced than when exposed to 0.6 nmol TMT. Taken together, the results shown in Figure 5 places 0.6 nmol TMT below 5 g of fox feces odor, and on the same level as 80 nmol cadaverine and 2-phenylethylamine in terms of eliciting freezing. Cadaverine is part of the smell arising from decaying flesh and has been found to elicit burying behavior in rats (Pinel et al. 1981) . The innately aversive effects on rats of cadaverine can be reversed to attractiveness by linking the smell with the act of copulation (Pfaus et al. 2001 ), but male rats will also cross an electrified floor to gain access to a female in heat (Anderson 1937) . Fendt et al. (2003) found that the fear response induced by TMT in rodents is distinguishable from the aversive responses seen when exposed to the odor of spoiled food, thus illustrating differences in the innate and learned processing of these odors. Whereas Kobayakawa et al. (2007) were unable to train mice to associate the smell of TMT with a sugar reward, Saraiva et al. (2016) found that the aversiveness to mice of TMT could be neutralized if it was mixed with an attractive odorant. The latter study even suggests that TMT becomes attractive to mice when presented in very low concentration (50 µL at 850 and 8.5 µM, i.e. 42.5 and 0.425 nmol). However, the authors did not measure freezing behavior, but position of the mouse relative to the odor source. In the present experiment, we found no differences among latencies to approach and investigation of the 6 odors tested. Also, mice may respond differently than rats to TMT due to its resemblance to mice alarm pheromone (Brechbühl et al. 2013) . Galliot et al. (2012) found significant freezing responses in female mice exposed to 5 μL of pure TMT (42.5 μmol as the density of TMT is 1.1 kg/L). Ayers et al. (2016) exposed Long-Evans rat pups to 300 μmol TMT daily during their first 3 weeks of life. The authors found that these pups showed less freezing when exposed to TMT at 30 days of age than did the control rats, which had had postnatal exposure to water or butyric acid. This is an interesting result as the dams, exposed to these odors for the same period of time as their pups, showed changes in their nursing behavior across the period of exposure only when TMT was used. External factors also play a role in the behavioral effects of TMT exposure in rodents, as mice raised in a complex and enriched environment show an attenuated response to TMT compared with that of mice raised in standard laboratory rodent cages (Sotnikov et al. 2014 ). This makes comparisons among different test paradigms difficult, as the size of test arena varies widely among studies , and the innate response to predator odors can be modulated by early experience and rearing environment (Nielsen, 2017) .
General discussion
TMT quantities and concentrations
The question as to the fear-inducing versus repellent properties of TMT was asked by Fendt and Endres almost 10 years ago (2008) . In their thorough review, they put forward convincing evidence that the fear-inducing properties of TMT are distinct from its general aversive properties (see also Endres and Fendt 2009 ). We took great care in using TMT in sufficiently low concentrations to prevent any aversive effects, but still able to induce freezing behavior in rats. One aspect making comparisons among published results difficult is variation in the unit used for describing the amount of TMT presented during behavioral testing. The potential for confusion is further confounded by a publication error: Wallace and Rosen (2000) published a dose-response curve of the fear-inducing effects of TMT, which they in a later publication (Rosen et al. 2006 ) declared to be incorrect, as the quantities tested were actually in μmol, not nmol, i.e. a 1000-fold difference. This erroneous reporting in Wallace and Rosen (2000) is likely to have caused (and continue to cause) mistakes in TMT research. Fendt and Endres (2008) found 4 nmol but not 0.04 nmol TMT sufficient to induce freezing in rats. Blanchard et al. (2003) found fear-inducing effects of 387 nmol but not 77.4 nmol TMT. However, Day et al. (2004) found that 75 μmol TMT was needed to induce significant corticosterone and ACTH release in rats. The lowest threshold of TMT detection for rats found by Laska et al. (2005) was 1.8 × 10 −15 mol/L at gas phase concentrations. This corresponds to a liquid dilution of 1:100 billion, and although the volume of TMT used was not indicated, one can assume that it represents a very small amount of TMT. It would require 500 mL at this concentration (0.08 nM) to reach the amount (0.04 nmol) not detected in the study by Fendt and Endres (2008) . However, as Laska et al. (2005) measured quantity per liter air delivered under the nose of the animal, this is not directly comparable to liquid quantities presented to the rats in an open space, a method which is more frequently used when testing behavioral responses to TMT. Fendt and Endres (2008) pointed out that some studies, such as Buron et al. (2007) erroneously used trimethylthiazole instead of TMT, which incidentally has the same atomic composition as the molecule interfering with the racemic proportions of TMT in our GC-MS analyses. Such errors are more likely to happen in the future as TMT is difficult to obtain, and the one known supplier has recently gone out of business.
We found the undiluted TMT very pungent, but Hotsenpiller and Williams (1997) , using 35 μL of undiluted TMT, found the odorant "hardly detectable". Ayers et al. (2013) found that rats still showed freezing when exposed to TMT after trigeminal differentiation, whereas bulbectomized rats did not, indicating a clear role of olfactory pathways in the fear inducing effects of TMT. The authors suggest that any irritant properties of TMT are insufficient to induce freezing behavior (Ayers et al. 2013) . Their study is the only direct attempt to determine trigeminal effects of TMT, and as the response of rats to this molecule is dose dependent , the dilution level of TMT used in any trial is still important. In addition, the experimental set-up can affect the results in terms of method of odor presentation, size of arena used, ventilation applied, and types of behavior scored, explaining at least in part the lack of reproducibility found in the literature. In the present study, the dilution levels were well below those usually employed for this type of study, but a higher rate of freezing was nevertheless induced.
Presence of TMT in fox feces
The previous discussion on TMT quantities is relevant also for the question of the presence of TMT in fox feces. In experiment 1, we were unable to find TMT in all but 1 sample of fox feces, which may have been contaminated. This inability to detect TMT is due to one of the following: 1) the molecule is there but our method cannot detect it; 2) the molecule was there but has disappeared or 3) the molecule was never there. The most likely reason in the present study is the first one, i.e. the level of TMT present in fox feces being too low to detect with the GC-MS methods employed. Together with the behavioral results this would indicate that the quantity of TMT in our fox feces samples is lower than 50 nmol/g. The likelihood of any TMT having evaporated from the feces samples is very low given the minimal handling and careful storage of the samples. Also, the vapor pressure of TMT at room temperature is 413 Pa (RSC, 2015) , which is 1/8 that of water. However, we cannot exclude that the TMT was never there. Could it be that the diet of the farmed foxes used to source the feces contained insufficient sulfurous ingredients to allow TMT to be synthesized? Nolte et al. (1994) found that the smell of urine from coyotes fed only cantaloupe, thereby depleting their urine of sulfur, did not reduce feeding behavior in deer mice to the same extent as the smell of urine from carnivorous coyotes. However, the foxes from which we sourced the fecal samples had been fed Adult Active pellets from Belcando (Bewital petfood GmbH & CO KG, Germany) containing 15.6 MJ ME/kg DM and 25% protein. It is therefore not likely that the absence of TMT in the majority of samples was caused by a deficit in core constituents.
No studies have been identified, which attempt to measure TMT in fox feces since the original work by Vernet-Maury's group; nor have detailed descriptions of their methods and results been published (Vernet-Maury et al. 1980 , 1984 . Their method was briefly mentioned in Arnould et al. (1998) as consisting of trapping volatile compounds by simultaneous steam distillation-extraction. Another publication (Vernet-Maury et al. 1977) states that the acid part of the feces contained no fear-inducing compounds, and the authors narrowed it down to sulfide in the lighter fraction of the sample being an essential component.
We cannot rule out that other compounds in fox feces are contributing significantly to the fear-evoking effects seen in rodents. Apfelbach et al. (2015) state that other volatile compounds found in many carnivores may give rise to fear reactions in prey animals, including sulfur-rich or nitrogen-containing compounds. This corresponds to the essential sulfide component found by Vernet-Maury et al. (1977) , but is in contrast with Gawienowski and StacewiczSapuntzakis (1978) , who found male rats to be attracted to some sulfur compounds. Although there is no doubt of the fear-evoking properties of TMT to rodents (Fendt and Endres 2008) , it is important to have a recent and convincing confirmation of the presence of this compound in fox feces, a task we were not able to fulfil.
In summary, our results show that exposure to very low quantities of TMT can induce freezing in male rats of 2 different strains. This amount of TMT had less fear-inducing effects than fox feces, suggesting that the content of TMT in fox feces is lower than 50 nmol/g, which was the detection threshold for the GC-MS method employed. It may also be that other compounds in fox feces play a role in its fear-inducing properties. The absence of evidence of TMT in fox feces is obviously not proof of its absence, and we encourage others to look for TMT in fox feces.
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